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We have resolved the excitation energy transfer from carotenoids to bacteriochlorophyll a in the B800-820 antenna com- 
plex of Rhodopseudomonas acidophila and found it to be about 3 ps. This efficient transfer can best be explained by the 
electron-exchange mechanism with a distance of about 4.5 8, between the molecules. 
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1. INTRODUCTION 
It is well known that carotenoids play at least 
two important roles in photosynthesis. Firstly, 
carotenoid pigments protect the cells against harm- 
ful photosensitized oxidation by quenching of 
(bacterio)chlorophyll triplets and/or singlet ox- 
ygen [l]. Secondly, carotenoid pigments absorb 
light energy in a wavelength region (450-550 nm) 
where chlorophylls are poor absorbers [2]. The ex- 
citation energy can then be transferred from the 
carotenoids to the chlorophylls with varying effi- 
ciency [3]. For the reasons given above light- 
harvesting pigment-protein complexes normally 
containing large amounts of carotenoids. In light- 
harvesting complexes of purple bacteria, for exam- 
ple, the carotenoid to bacteriochlorophyll ratio 
varies between 1: 1 and 1: 3 [4]. In spite of the im- 
portance of carotenoids as light-harvesting pig- 
ments, there has been to our knowledge just one 
report on the time-resolved energy transfer from 
carotenoids to bacteriochlorophyll. This is the 
work of Wasielewski et al. [.5] on the B800-850 
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antenna complex of Rhodopseudomonas acido- 
phila strain 7750. They found a 5.6 + 0.9 ps 
lifetime for the transfer of energy from the carote- 
noid to the Bchl 850 chromophore. No transfer of 
excitation energy to Bchl 800 was observed in that 
work. We have undertaken a systematic study of 
carotenoid energy transfer in several light-har- 
vesting complexes of purple bacteria. Here, we 
report the first results obtained with the B800-820 
complex of Rps. acidophila strain 7050. One 
reason for the choice of the B800-820 complex is 
that it contains a red-shifted carotenoid of the 
spirilloxanthin family, which has an absorption 
band which is well-separated from the bacterio- 
chlorophyll Soret and QX bands [2,4]. This fact 
facilitates selective excitation of the carotenoids. 
The antenna complexes of purple bacteria have 
also been extensively studied by different spec- 
troscopic techniques [6], including picosecond 
spectroscopy. Furthermore, several of these com- 
plexes have been crystallized [lO,l 11. For a com- 
plete understanding of the mechanism of energy 
transfer between carotenoids and chlorophylls, a 
detailed knowledge of both chromophore-chro- 
mophore distances and the energy transfer kinetics 
will be required. The present study is focussed on 
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the question of whether Fiirster’s long-range 
dipole-dipole mechanism [ 121 or the short-range 
electron-exchange mechanism of Dexter [13] is the 
best choice for describing the carotenoid- 
chlorophyll singlet-singlet energy-transfer process 
1141. 
2. EXPERIMENTAL 
The B800-820 pigment-protein complexes from Rps. 
ucidophilu strain 7050 were prepared according to Cogdell et al. 
[4] and stored in a freezer until use. For the picosecond pump- 
probe measurements the complexes were suspended in 20 mM 
Tris-HCl buffer solution (pH 8.0), 0.5% LDAO, with an absor- 
bance of about 0.3 mm-’ at 540 nm. 
The picosecond spectrometer used here is based on a cavity- 
dumped rhodamine 110 dye laser, which is synchronously 
pumped by a mode-locked argon-ion laser. The pump-probe 
picosecond technique has been detailed elsewhere [15]. Briefly, 
pulses of length 5-7 ps (repetition rate 800 kHz) with an energy 
of about 5 nJ were used to excite the carotenoids at about 
540 nm. The time resolution is obtained by delaying the weak 
probe pulse relative to the pump pulse using a variable delay 
line in the probe beam. It is important that the polarizations of 
the pump and probe beams are well-defined. For this purpose 
polarizers were used in both beams and a Soleile-Babinet com- 
pensator in the pump beam, which makes it possible to select 
freely the angle of polarization between the pump and probe 
beams. As a result it is possible to record the relaxation of the 
light-induced anisotropy, r(t), 
r(t) = 
I,,(l) - 1, (0 
r,,(t) + 21,(t) 
of the sample or to measure the isotropic kinetics by using the 
magic-angle (54.7”) polarization. 
In order to avoid accumulation of photoproducts in the ex- 
cited volume, we use a rotating sample cell with an optical path 
length of 1 mm. All experiments were performed at room 
temperature (-23°C). 
3. RESULTS AND DISCUSSION 
In fig.1 we show the results of two 
measurements at 543 nm with the analyzing light 
polarized parallel (I,,) or perpendicular (I,) to the 
excitation light. We first note a weak negative 
(bleaching) signal, which then relaxes to a positive 
(absorption) signal. This process is most clearly 
observed for the parallel trace. 
In fig.2 the sum (I,, + 21,) of the signals in fig.1 
is shown (vertical bars) along with an exponential 
fit. In this fit a Gaussian function with the same 
width at half maximum as the pulse autocorrela- 
tion trace was used. The Gaussian response func- 
tion was convoluted with the sum of two 
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Fig. 1. Absorption recovery kinetics at 543 nm of the B800-820 
complex of Rps. acidophilu with the polarization of the 
excitation light parallel (I,,) or perpendicular (I,) to the 
polarization of the probe light. 
exponentials until the best fit to the experimental 
data points was obtained [9]. From this fit we ob- 
tained an amplitude of - 1150 (a.u) and a lifetime 
of 2.0 ps for the fast component and an amplitude 
of 290 (a.u) for the slow (ns) component. Fits of 
several absorption recovery transients gave values 
in the range 2-4 ps for the fast process. After a 
fast initial relaxation the anisotropy, r(t), attains a 
constant value of 0.12 f 0.05. 
We shall initially discuss the shape of the ab- 
sorption recovery at 543 nm in figs 1 and 2. The 
AA at t < 0 is negative, i.e. we observe a bleaching 
signal; at t > 15 ps the signal has turned positive 
and stays constant for several hundred 
picoseconds. We assign the initial instantaneous 
bleaching to the formation of the carotenoid’s 
singlet excited state [5,17]. The excitation energy is 
then transferred within 3 f 1 ps to the Bchl a 
molecules of the B800-820 complex. This is then 
s’een as a change from a negative to a positive AA 
signal because the extinction coefficient [18] of the 
excited singlet state of Bchl a is greater than that 
of its ground state at 543 nm. Independent pico- 
second measurements have shown that the energy 
transfer from Bchl 800 to Bchl 820 takes place 
within a few hundred femtoseconds (to be publish- 
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Fig.2. The isotropic signal calculated from the data of fig.1 
according to Iis, = I,, + 21, is shown by the vertical bars. The 
solid line shows the best fit to the experimental data (see text). 
ed). Therefore, it can be safely assumed that the 
positive signal at 543 nm is due to excited Bchl 820 
(Bchl 820*). Since the transfer time from excited 
carotenoid to Bchl a in B800-820 is about 3 ps, it 
would be difficult to detect any excited Bchl 800 
even if Bchl 800 served as a link for the transfer of 
energy from carotenoid to Bchl 820. At all times 
during the transfer process the concentration of 
Bchl 800* will be too low to be detected. The dif- 
ference spectrum Bchl 820-Bchl 820* is not 
known, but we can estimate A6 at 543 nm by shif- 
ting the B880 difference spectrum recorded for 
Rhodospirillurn rubrurn chromatophores [ 161 by 
60 nm to shorter wavelengths. Assuming that the 
maximum E is 150 mM_' . cm-’ for Bchl 820 (a 
typical value for other Bchl a antenna molecules 
[19]) we calculate that A6 (543 nm) for Bchl 
820 - Bchl 820* should be 16 mM-‘*cm-‘. For 
carotenoids close to the absorption maximum E is 
typically approx. 150 mM_’ *cm-’ [17]. If there is 
a small (say 30%) absorption from the excited state 
[16] we estimate AC (543 nm) to be about 
- 105 mM_’ -cm-‘. The ratio AA(car.)/AA(Bchl) 
is thus estimated to be about - 6.5 at 543 nm in the 
B800-820 complex (here, no correction for the 
quantum yield has been made). This should be 
compared to the value of -4 for the ratio 
AAllA, obtained from the fitted kinetics of 
fig.2. This supports the interpretation of the tran- 
sient observed at 543 nm. A further argument in 
favour of this interpretation is the anisotropy, r(t), 
calculated from the data in fig. 1. We find it to be 
in reasonable agreement with anisotropy 
measurements of the Bchl 820 bleaching at about 
820 nm where we obtained r = 0.07 (to be publish- 
ed). This result suggests that the excited state ab- 
sorption dipoles are almost cylindrically 
degenerate [20] in the plane formed by the Bchl820 
molecules. 
Having identified the carotenoid - Bchl a 
transfer time to be approx. 3 ps, we shall now 
discuss our results in relation to existing theories of 
energy transfer. Two extreme cases have been 
treated by Fiirster [12] and Dexter [13]. The 
Fijrster energy transfer is a long-range (So-100 A) 
dipole-dipole resonance process while Dexter’s 
model describes an electron-exchange process that 
works only when the donor and acceptor molecules 
are in close contact (> 10 A). As pointed out by 
Razi Naqvi [ 141 the carotenoids should be situated 
close to the bacteriochlorophylls in photosynthetic 
systems, since they also act as chlorophyll triplet 
quenchers. The low fluorescence yield of 
carotenoids should furthermore diminish the rate 
of FGrster-type energy transfer, since the 
fluorescence quantum yield of the donor (&,) 
enters directly into the Fijrster equation. In the 
Dexter equation, on the other hand, the transfer 
efficiency is independent of c$D. From several 
published studies on electron-transfer reactions, it 
has been found that the transfer rate k,, = 
vrexp[ -P(r - rO)], where VI = 1013 SC’ and ,& = 
1.3 A-’ [21,22]. Here, r, is the contact (van der 
Waals) distance and r the center-to-center distance. 
However, in order to compare ket with our data, 
we also have to take into account that other non- 
radiative processes (k,,) contribute to the relaxa- 
tion of the excited state. With ket + k,, = 7-l and 
since the quantum yield of energy transfer in 
B800-820 is about 0.7 [3,24], i.e. k&k,, + knr)-’ = 
0.7, we obtain kct = 0.23 x 1012. This also gives k,, 
= 1.0 x lo”, in good agreement with the non- 
radiative rates observed for different carotenoids 
in solution [19]. Using r, = 1.6 A we calculate r = 
4.5 A. Allowing VI to vary between 1012 and 
1014 s-l we obtain r = 4.5 -t 1.7 A. In a recent 
study, Wasielewski et al. [5] resolved the energy 
171 
Volume 235, number 1,2 FEBSLETTERS August 1988 
transfer between carotenoids and Bchl a in the 
B800-850 (type I) complex of Rps. acidophila 
strain 7750 and obtained a transfer time of 5.6 f 
0.9 ps, i.e. slightly longer than that observed by us. 
This difference is, however, not unexpected, since 
the efficiency of energy transfer is 70-75% in 
B800-820 as compared to 50-55% in B800-850 
[24]. It would be of great interest to follow the cor- 
responding transfer rate in the B880 complex of 
the same species, since this has a very low (25%) 
transfer efficiency [23]. 
Recently, it was also shown by Wasielewski et al. 
[24] that energy transfer between carotenoid 
covalently linked to pyrophosphorbide could only 
occur with high efficiency if the edge-to-edge 
distance was about 2 A. This also emphasises that 
in order to have the high quantum efficiency for 
energy transfer observed in vivo the distance be- 
tween the carotenoid and bacteriochlorophyll 
molecules must be short. 
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